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Grade 12 French students’ use of a thermodynamic model 
for predicting the direction of incomplete chemical 
changes  
Abstract 
The authors of the current chemistry curriculum -implemented in grade 12 in France- 
provided a criterion of change allowing predictions of direction of chemical changes and 
pointed out the difference to be made between experimental facts and models. A study 
analysing part of the curriculum content and the effects of teaching this content on students’ 
reasoning was conducted. The content analysis presents the functioning of the thermodynamic 
model which highlights the links to be made between the experimental situation and the 
model when predicting the direction of a chemical change. This functioning specifies the role 
of the chemical equation and that of the criterion of change (comparing the reaction quotient 
to the equilibrium constant) and stresses the crucial points that may lead to 
misunderstandings. Written tests were administered to students after teaching to determine 
how they predicted the direction of a chemical change, whether they made a relevant choice 
between using the chemical equation and using the criterion of change and a clear distinction 
between the experimental situation and the thermodynamic model. Few students had a good 
understanding of the respective roles of criterion and chemical equation. A majority used the 
criterion to predict the direction of chemical changes relevantly but correct answers were not 
widespread. Two particular mistakes, the modification of the expression of the reaction 
quotient and the prediction of a change despite a missing reactant revealed that students do 
not properly understand the difference and the relationships between the experimental 
situation and the thermodynamic model.  
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Introduction 
This study deals with grade 12 students’ reasoning when predicting the direction of chemical 
changes in upper secondary schools in France. In France a new curriculum has been 
implemented in grade 12 introducing a new way of studying incomplete chemical changes 
e.g. comparing the reaction quotient of the system to the equilibrium constant in order to 
foresee or justify the direction of change. In grades 10 and 11 only complete chemical 
changes were presented to students. In the prior curriculum two different procedures which 
ignored the composition of the system were used: the comparison of the equilibrium constant 
with an arbitrary numerical value (thousand or ten thousand) for acid-base chemical changes 
on the one hand and the comparison of the standard redox potentials of the involved redox 
couples on the other hand. The authors of the curriculum wrote that they wanted to provide a 
very general criterion of change (Davous et al., 2002) allowing predictions. They also pointed 
out the difference to be made between experimental facts and models, and claimed that the 
‘notion of model’ is of great importance (Davous et al., 2003). This stand is in accordance 
with the claim of Treagust, Chittleborough and Mamiala (2002):‘there is a need to make more 
use of interpretive and predictive models in the teaching process’ (p.366). We conducted an 
investigation to examine the effects of teaching this new curriculum on grade 12 students’ 
knowledge. In this paper we present an analysis of the curriculum content emphasising the 
role of the thermodynamic model when predicting the direction of a chemical change in order 
to analyse students’ reasoning. Before tackling these analyses we set out a brief review of 
previous researches regarding the prediction of chemical changes and stressing some 
characteristic outcomes. 
Literature review 
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Numerous studies show that students fail to predict shifts of equilibrium (Banerjee, 1991; 
Hackling & Garnett, 1985; Kousathana & Tsaparlis, 2002; Quilez-Pardo & Solaz-Portoles, 
1995; Tyson, Treagust & Bucat, 1999). Most of them point out that the use of Le Chatelier’s 
principle leads to misunderstandings (Quilez, 2004; Solaz & Quilez, 2001) such as wrong 
predictions particularly if a solid component of a heterogeneous system -composed of solids 
and gas- is added to the chemical system at equilibrium under constant temperature and 
volume (Gorodetzky & Gussarsky, 1986; Kousathana & Tsaparlis, 2002; Quilez-Pardo & 
Solaz-Portoles, 1995; Voska & Heikkinen, 2000). One may notice that Le Chatellier’s 
principle is not a principle like the second law of thermodynamics but includes a small 
number of rules with limited applicability ranges (Quilez-Pardo & Solaz-Portoles, 1995; 
Solaz-Portales, 1993). Others stress that students have difficulties predicting the direction of 
change when the initial state of the chemical system does not result from the modification of 
an equilibrium state (Niaz, 1995; Stavridou & Solomonidou, 2000). Teaching a systematic 
and rigorous procedure such as calculating the reaction quotient of the system and comparing 
it to the equilibrium constant - that we will call ‘the criterion of change’- appears then to be a 
way to avoid such difficulties (Kousathana & Tsaparlis, 2002). So, the introduction of the 
criterion of change in the French curriculum gives an opportunity to study this hypothesis and 
to seek whether students develop alternative reasoning.  
Theoretical background 
Our whole study aims at providing relevant elements to improve or to design teaching-
learning sequences. Therefore, we examined two different analytical frameworks of teaching 
learning sequences: the model of educational reconstruction (Duit, 2000) and the 
methodology of didactic engineering (Artigue, 1988). Both researchers emphasise the need 
for a preliminary analysis of the subject matter to clarify the content to be taught, stating it is 
as important as the analysis of students’ reasoning. Duit, Gropengieβer and Kattman (2005) 
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consider content analysis as splitting knowledge into elementary pieces. They note (Duit et 
al.,2005) that the three components of their model are interrelated: the clarification and 
analysis of the science content (first component) may lead to investigations into students’ 
perspectives (the second component) and these investigations may influence the content 
analysis as well, the results of both components are used to design learning environments 
(third component). Design of learning environments is informed by the clarification of subject 
matter and the knowledge of students’ ideas (their difficulties, their misconceptions) which 
can provide key ideas that are important for the educational reconstruction process. Artigue 
(1988) adds that analyses should take institutional constraints into account. These reasons and 
the didactic intentions expressed by the authors of the curriculum led us to pay special 
attention to the knowledge the students should acquire in accordance with the guidelines of 
the curriculum.  
Content analysis 
The authors of the curriculum claimed that making a clear distinction between experimental 
facts and models (Davous et al., 2003) is important to construct sound representations and 
interpretations of phenomena. We made a content analysis in terms of models and phenomena 
to determine in what measure the didactic intentions expressed by the authors of the 
curriculum were achieved and to provide a grid to interpret students’ reasoning. According to 
Tiberghien, Psillos and Koumaras (1995) three interrelated levels may be considered, the 
theoretical level, the model level and the empirical level, the last one containing phenomena. 
The model level mediates between the other two levels; it formalizes the empirical level and 
interprets the theoretical level (Sinaceur, 1999, p. 651). In other words a model is a 
particularization of a theory (or of several) that applies to a delimited, restricted empirical 
field. For example the thermodynamics of irreversible processes is a very large framework we 
use only partially to interpret chemical changes. This view is close to that of Bunge quoted by 
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Gilbert, Pietrocola, Zylbersztajn and Franco (2000b). They state Bunge considers that a model 
occupies an intermediary position between a theory and an idealised description of reality, the 
reality-as-idealised, including model-objects which are derived from a group of real objects in 
order to represent their common properties (Gilbert et al., 2000b). They note that a model-
object cannot yield knowledge by the direct application of logic because it is an idealised 
empirical object (Gilbert et al., 2000b, p.32). This role is played by the model which enables 
predictions that can be tested empirically. Another important feature of models is their 
unifying role (Méheut & Chomat, 1990); different phenomena are explained or predicted by 
the same model that is a construction representing phenomena sharing common attributes. 
Chemical changes such as precipitation of silver chloride or oxidation of iron by hydrochloric 
acid can be predicted and explained with the criterion of change which makes it possible to 
understand why some other metals are not oxidised by hydrochloric acid as well. Using 
different models to interpret the same empirical field is another typical feature of models. 
Kinetic models may be used to explain why a chemical change remains incomplete. The 
kinetic explanations are different from the ones using the criterion of change and telling the 
reaction quotient is equal to the equilibrium constant. This feature was illustrated in a 
previous paper (Kermen & Méheut, 2009) and will not be considered here. 
Our present analysis focuses on what we call the thermodynamic model – a curricular model 
(Gilbert, Boulter & Elmer, 2000a) – deriving from the thermodynamics of irreversible 
processes and therefore permitting to predict chemical changes. We will now specify the 
structure of experimental situations by means of two descriptions and the functioning of the 
thermodynamic model. Our presentation of the functioning of the thermodynamic model 
intends to stress the crucial points that may lead to misunderstandings unless sufficient 
reflection is made as it will be argued in the section ‘thermodynamic model’. 
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Experimental situations 
Let us consider two experiments that we will describe in two different ways referring to two 
levels of description. The first description involves liquids, solids and colours; it is a 
phenomenological description. The second one is a chemical description using the names of 
chemicals and the concept of solution.  
The two experiments are now described from a very phenomenological point of view. In the 
first experiment we pour a colourless liquid into a beaker containing a reddish wire, secondly 
we introduce the same volume of the colourless liquid into another beaker containing a much 
smaller reddish wire than in the first beaker. After a while we can see that both liquids turn 
blue and that a thick solid layer covers each wire. The content of each beaker is filtered. In the 
first case, if we look at the solid remaining in the filter paper we can see that it is composed of 
a small piece of red wire and of several grey pieces. In the second filter paper there are only 
grey solid pieces and no red wire left. This phenomenological description can be understood 
by anyone because anyone knows what a liquid, a solid and colours are.  
But a chemist will describe these experiments differently. In each beaker, aqueous silver 
nitrate solution is poured on a piece of copper. After a while, silver is formed on the wires and 
copper ions appear in both solutions because they turned blue. Supplementary tests can be 
made to show that silver ions still remain in the second solution and none are to be found in 
the first one. We can summarize the chemical point of view: in both experiments amounts of 
certain chemical species vary; two new species, silver metal and copper ions, appear, 
depending on the beaker, silver ions in the second experiment or copper in the first 
experiment remain but their amount decrease. Water and nitrate ions still remain but they are 
not mentioned most of the time because they did not take part in the chemical change that 
occurred. The limiting reactant is either copper (in the second experiment) or silver ions (in 
the first experiment).  
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The first description of the experiments we made, includes chemical objects (liquids, 
solids…) technical objects (beakers, buchner funnel, pHmeter and so on) and events (a solid 
appears, a liquid turns blue…), it can be considered as a first description of reality, the world-
as-experienced (Gilbert et al., 2000b). These objects and events are elements of reality-as-
perceived (Gilbert et al., 2000b) and are considered as empirical. The second description 
involves chemical species: some disappear, others appear, the amounts of substance vary; the 
system undergoes a chemical change, the chemical species take part in a chemical change. 
This description, the chemical one, is another stage of interpretation or representation of the 
world. It is another description of the world, in which objects are described as chemical 
species and characterized by their names, chemical formulas, physical state and amount of 
substance. Chemical species may be considered as model-objects according to Bunge (Gilbert 
et al., 2000b). Events are called chemical changes. According to Martinand (2002), people, 
and particularly chemists, using this description no longer think that it is the result of a 
conceptualization of reality. They use it as if it were reality. Nevertheless, knowing what the 
chemical species under scrutiny are does not enable us always to say what chemical change –
if any– is going to happen. Therefore a model playing the role of a predictive and explanatory 
tool is needed. This point is addressed in the next section.  
Describing a chemical change in terms of chemical species (reality-as-idealised) when 
confronted to the world-as-experienced (reality-as-perceived) is a difficult task for beginners.  
This involves considering a sample of material as a substance or a mixture of substances since 
the description of chemical changes relies on the concept of substance, a key notion (Johnson, 
2000; Solomonidou & Stavridou, 2000; Stavridou & Solomonidou, 1989) to grasp the 
meaning of chemical change. Solomonidou and Stavridou (2000, 1994) report that children 
have to move from the common conception of substance as inert object, able to change its 
properties but not its identity, toward a representation of a substance defined by its properties 
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and able to interact with other substances. In a longitudinal study Johnson (2000, 2002) shows 
that defining substances at macroscopic level by their properties is not enough to allow 
children to understand the idea of chemical change, a particle model is necessary. 
The thermodynamic model  
We just described two experiments i.e. two chemical changes. Both changes can be 
interpreted by the same model, a chemical reaction symbolized by the following equation 
++ +→+ 2 )aq()s()aq()s( CuAg2Ag2Cu . This chemical equation tells us which chemical species 
take part in the change and in what proportions. Interpreting two different experiments with 
the same chemical reaction (infinity of chemical changes involving these species could be 
interpreted with this reaction) emphasises the unifying role played by the model and the fact 
that chemical change and chemical reaction are different by nature. In the French curriculum 
this point of view is introduced in grade 10 and pursued in grade 11. During these two 
academic years only complete chemical changes are presented to students. 
Interpreting incomplete chemical changes in grade 12 needs considering a pair of opposing 
reactions, the forward reaction and the reverse reaction, symbolized by a chemical equation as 
A+B=C+D. It is also possible to predict the direction of change of chemical systems 
containing all chemical species A, B, C and D or some of them with a thermodynamic model. 
This model comprises the two opposing reactions, symbolized by a chemical equation, and 
the criterion of change. The criterion of change involves two theoretical functions, the 
reaction quotient (a function of the concentrations of the solutes written in the chemical 
equation) and the equilibrium constant depending on the temperature. In grade 12 the 
experimental field to which this model applies, concerns chemical changes involving aqueous 
solutions and solids but no gases, those changes (complete or incomplete) being represented 
by a single acid-base or redox chemical equation. Predicting the direction of such a chemical 
change may be summarized in five steps, as follows:  
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• First, examining the composition of the system and looking at the chemical equation 
permit to say whether a direction of change is possible or not. If only A and D are 
initially mixed together we know that nothing will change because these two species 
do not react together. 
• Second, writing the expression of the reaction quotient depends on the chemical 
equation (parts of the model) and calculating its value in the initial state means taking 
the composition of the system (experimental situation) into account.  
• Third, comparing the value of the reaction quotient to the equilibrium constant enables 
to say that the system is at equilibrium or to propose a tentative direction of change. 
This direction of change is tentative because to become real and effective it has to be 
consistent with the composition of the system. 
• Fourth, looking at the composition of the system leads to say whether the tentative 
direction of change – if any – is possible or not.  
• Finally, writing that the reaction quotient equals the equilibrium constant in the final 
state allows the determination of the composition of the final state. In this last step it is 
also important to check whether the calculated amounts of substance are in accordance 
with the initial composition of the system.  
The third step only concerns parts of the model, the reaction quotient and the equilibrium 
constant. On the contrary, in the other steps a link between the chemical description of the 
experimental situation and the thermodynamic model has to be made to implement the 
experimental values in the model and to check whether the calculated values are leading to a 
realistic composition. For example the final extent of reaction (step 5) can be positive or 
negative depending on the direction of change, but the amounts of substance are positive 
numbers.   
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The functioning of the thermodynamic model is an illustration of what can be an 
elementarisation (Duit et al., 2005) of the chemical content. It is summed up in figure 1.  
[Insert Figure 1 here] 
As said above, this model is a curricular model, a simplified version of a scientific consensus 
model (Gilbert et al., 2000a). According to contemporary epistemological works, numerous 
science education researchers (Gilbert, Boulter, & Rutherford, 1998; Host, 1989; Joshua & 
Dupin, 1993; Robardet & Guillaud, 1997; Tiberghien, 1994; Van Driel & Verloop, 2002) 
agree to assign three functions to models: descriptive, explanatory, predictive. By nature a 
model gives a partial representation of a phenomenon because it represents ‘only certain 
properties of reality’ (Bachelard, 1979). So even in the field of application of the model, in 
some particular situations a limit of functioning of the model may arise. Walliser (1977) states 
there is a modelling code that enables to convert some but not all features of the system into 
the model. In the thermodynamic model this is illustrated by the way solids (and the solvent) 
are taken into account. In the expression of the reaction quotient nothing is linked to the 
amount of a solid (neither is it for the solvent). In a less simplified version of this model the 
activity of a solid (or of the solvent) would be written in the reaction quotient. But the 
problem is the same, because this activity is always equal to one whatever the amount of solid 
(or solvent in a dilute solution). Thus it leads to the following situations where the model does 
not play its role, predicting what is going to happen. If the amount of a solid reactant is not 
sufficient, the equilibrium state of the system cannot be reached because the final value of the 
extent of reaction is smaller than the calculated value at equilibrium. The solid is the limiting 
reactant, the change is complete and the final state is not an equilibrium state. Another 
limiting situation arises if there is no solid in the initial state and the value of the reaction 
quotient is such that this solid should be a starting substance. Then the chemical change 
cannot happen although it is predicted by the comparison between the reaction quotient and 
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the equilibrium constant. That is the main reason why in step 3 we called the direction of 
change tentative. Let us note that there is no mention of these limiting situations in the 
curriculum nor any emphasis put on the difference between the experimental situation and the 
model we made in the functioning of the thermodynamic model. Predicting events comes 
down to performing a simulation using the model which is required to work for itself 
(Bachelard, 1979). Larcher, Chomat and Méheut (1990) take up this idea and claim that the 
model ‘can tell stories without meaning with respect to reality’ what shows that the model is 
autonomous and independent of reality. It is then essential to check whether the result of 
simulation matches the chemical description of the experimental situation.  
Some previous studies showed that students may include the ‘concentration’ of a solid in the 
formula of the reaction quotient (Kousathana & Tsaparlis, 2002; Quilez-Pardo & Solaz-
Portales, 1995) writing a wrong formula which does not respect the one proposed by the 
model. According to our presentation of the functioning of the thermodynamic model, such a 
mistake can be interpreted as a failure to make a proper link between the experimental 
situation and the thermodynamic model; we discuss that point further.  
Analysing students’ reasoning 
Before grade 12, students only study complete chemical changes that occur in the direct way 
i.e. in the direction indicated by the arrow of the chemical equation. Moreover, before 
changing, the system does not include any of the chemicals that are going to be formed. 
During the first part of the academic year in grade 12 students still study complete chemical 
changes from a kinetic point of view. So there is no question about the direction of change of 
a chemical system. When incomplete chemical changes are introduced, students have to 
dramatically revise their conceptions of chemical changes. Some researches (Chiu, Chou & 
Liu, 2002; Van Driel, De Vos, Verloop & Dekkers, 1998) emphasise the conceptual change 
that has to take place. Students have to conceive that a change may not go to completion and 
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that a change in the reverse direction of the arrow is possible. Such changes are studied by 
measuring pH value when mixing water and ethanoic acid for instance. Comparing the 
measured pH value and the calculated value that pH would have if the change were complete, 
is a way to draw the students’ attention on the incompleteness of the chemical change. (To 
have an overview of the curriculum content see the appendix). The interpretation of these 
facts implies the introduction of a new model, the reverse reaction. Therefore, we need to 
change the arrow in the chemical equation whose meaning changes as well, and to replace it 
by a double arrow or the equal sign as is done in the French curriculum. In grade 12 students 
considerably modify and increase their knowledge of chemical changes: incomplete chemical 
changes lead to a final particular state of the system called equilibrium state and are 
interpreted with two opposing chemical reactions; the criterion of change permits to foresee 
the direction of change of any chemical mixture whatever the initial composition; in the state 
of equilibrium the reaction quotient of the system has a particular value being equal to the 
equilibrium constant and all chemicals that took part to the change are still present. Kinetic 
models enable to interpret the lack of evolution of such a state which could seem anomalous 
to students at first sight. Chemicals carry on reacting; at a macroscopic level it means that the 
rate of the forward reaction is equal to that of the reverse one, so that no change can be 
observed. At a sub microscopic level particles are still moving and colliding so that the 
average number of each type of particles remains constant although active collisions keep 
occurring. We studied the use of these different models previously (Kermen & Méheut, 
2009). 
According to our review of the literature, few studies (Niaz, 1995; Stavridou & Solomonidou, 
2000) determine what line of reasoning the students use to predict the direction of a chemical 
change if the initial state of the system is not a disturbed equilibrium state. These studies did 
not focus on the use of the reaction quotient. Our purpose in this article is to determine 
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whether French students use the thermodynamic model and whether they have a clear 
understanding of its functioning namely of the respective roles of the chemical equation and 
of the criterion of change. Another aim of this study consists in examining whether students 
make a clear distinction between a chemical description of the system i.e. the reality-as-
idealised (Gilbert et al., 2000b) and the model. Our research questions are then formulated as 
follow: 
 How do students predict the direction of a chemical change?  
• Do they make relevant use of the chemical equation and of the criterion of change?  
• Are there alternative lines of reasoning?  
 Do they make a clear distinction between the experimental situation and the 
thermodynamic model? 
Methodology 
Presentation of the questionnaire 
Therefore, we designed written tests composed of a chemical equation and an equilibrium 
constant, of the description of a system and its initial composition and of a question asked 
about the final composition of the system. In this paper, we consider two tests, test A and test 
B respectively composed of three and four items.  
In test A the question is the following one for the three items: ‘One wonders if the 
concentrations of the chemicals in each mixture are going to change. Tell what you predict in 
each case and explain why.’ In items B1, B2 and B3 the formulation is similar: ‘One wonders 
if the composition of each mixture is going to change. Tell what you predict in each case and 
explain why.’ In item B4 the wording of the question is quite different: ‘One wonders if it is 
possible to observe a silver layer on the copper wire or a copper layer on the silver wire. 
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According to you what will one observe? Explain your answer.’ This question is the only one 
put in phenomenological terms.  
Let us point out that student were not asked to calculate the reaction quotient or to apply the 
criterion of change, and no emphasis was laid on the equilibrium constant, and the 
expressions ‘chemical change’ and ‘chemical reaction’ were intentionally not used (see tests 
A and B in appendix). 
Item A3 is built to check whether students understand the role of the chemical equation and 
rely on it to decide that present chemical species cannot react together (step 1). In the other 
items students were expected to use the criterion of change to determine whether the 
composition of the system can vary.  
In item A2 and item B1, the same situation is presented; initially one solute is missing and all 
other chemicals involved in the chemical equation are present, the initial value of the reaction 
quotient is zero because the concentration of the missing solute is in the numerator of the 
quotient; thus the system undergoes a chemical change in the forward direction to reach the 
equilibrium state.  
In item A1, B3 and B4 all chemicals involved in the chemical reaction are initially present. In 
item A1 the initial value of the reaction quotient is one, the calculation is easy to make. The 
comparison to the equilibrium constant leads to the conclusion that the system undergoes a 
change in the reverse direction. For item B3 the initial value of the reaction quotient is equal 
to the value of the equilibrium constant, so the system is at equilibrium state. For item B4, the 
calculation of the initial value of the reaction quotient is not so easy because the reaction 
quotient contains a squared concentration. The value is greater than that of the equilibrium 
constant and the conclusion is the same as for item A1.  
In item B2 the prediction of step 3 cannot be carried out because of the experimental 
composition. One solid is missing, all other chemicals involved in the chemical equation are 
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initially present, and the initial value of the reaction quotient is greater than that of the 
equilibrium constant, so one may think of a change in the reverse direction of the equation 
(step 3). But it is not possible because there is no silver to achieve such a change. To look at 
the composition of the system to make a correct prediction (step 4) is crucial. This example is 
one of the empirical situations that show the limits of the thermodynamic model. 
The main features of the different items are summed up in table 1 below. 
[Insert table 1 here] 
These open-ended questionnaires were administered anonymously to French students after 
teaching. The students surveyed (N=102 for test A and N=144 for test B) belong to different 
classes (8 for test A and 10 for test B) in different high schools (8 for test A and 7 for test B) 
in different parts of France.  
Data analysis  
Our analysis rests on two approaches: a deductive one and an inductive one. The ‘deductive’ 
approach stems from our previous analyses of the chemical content and of the students’ 
difficulties. By ‘inductive’ approach we mean that some categories of answer were not 
completely defined a priori but were defined after examining data, they are emergent 
categories of answers (Guilbert & Méloche, 1993; Strauss & Corbin, 1990).   
The students’ answers to six items (except item A3) were split into two categories: use of 
criterion or no use. In the ‘use of criterion’ category we examined the responses looking for 
three aspects, the formula of the reaction quotient, the calculation of the reaction quotient and 
the conclusion drawn from the comparison with the equilibrium constant. In the ‘no use’ 
category we thought before examining data that responses would rely on the equation to 
predict the direction of change or on the amounts of substance as Stavridou and Solomonidou 
(2000) pointed out. After studying data, some other typical aspects were found and we will 
detail them in the next section. 
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Answers to item A3 were analysed to determine whether students predicted a change of the 
system; if they did not, we looked for arguments resorting to the chemical equation in the 
answers.   
Results 
Firstly we examine the results concerning item A3 that calls for the use of the chemical 
equation. Then we present the results regarding the other items which require the 
implementation of the criterion of change. 
Use of the chemical equation 
In Item A3 the following chemical equation is given +− +=+ )aq(4)aq()aq(3)aq( NHRONHROH  
and the initial state of the system is described. Two chemicals, two acids, are initially present 
and it is asked whether the concentrations in the mixture are going to change.  
So the expected answer is ‘the mixture will not change because the chemical equation tells us 
that these chemicals cannot react together’. Thus it is not relevant to calculate the reaction 
quotient; the calculation does not make sense. We made three categories of answers:  
• no change: these answers predict no change,  
• change: these answers say there will be a chemical change and/ or use the reaction 
quotient  
• other: the answers do not evoke chemical change or lack of it.  
[insert table 2 here] 
Then inside each category we looked for the arguments the students employed.  
Half the students (50%) expressed the correct idea that there will be no change. Most of them 
(30%) wrote that a reactant is missing or these chemicals cannot react or ‘ROH cannot give 
NH4+’; this is a line of reasoning relying on the chemical equation. A few others (7%) wrote 
‘there is no reaction’ without making any remark on the lack of any chemicals; we may 
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suppose that they also looked at the chemical equation to give that answer but there is no real 
clue to such a reasoning. Few students (4%) wrote correctly that two acids cannot react 
together. The rest of the students (9%) wrote ‘the concentrations are constant’ without telling 
why they think so. 
A third of the students’ answers belong to the ‘change’ category (33%). Most of them (27%) 
used the reaction quotient and made a wrong calculation. 18% wrote 0]ROH[x0
]NH[x0Q 4r ==
+
 the 
expression is correct, the value is not. 9% wrote 1]ROH[
]NH[Q 4r ==
+
, neither the expression nor 
the value is correct. Then several students wrote Qr<K and predicted a chemical change in the 
forward direction. As we mentioned before, these calculations do not make sense. 
In the following answer the student did not use the reaction quotient but predicted a chemical 
change.  ‘There are the same amounts of NH4+ ions and of phenol ROH then all particles will 
react together. The reaction will be complete. At the end there is neither more NH4+ nor ROH, 
but there will be RO- ions and NH3 molecules (1.0x10-3 mol).’ What does a chemical equation 
represent for this student? This point will be discussed further.  
In the third category of answers students do not resort to chemical change, some of them write 
they do not know what to say, others write the expression of the reaction quotient without any 
value or say that the concentrations have new values after mixing. 
Use of the criterion of change 
In this section we will analyse the answers to the other six items.  
The responses were divided up between two categories, use of criterion or no use (see table 
3). 
[insert table 3 here] 
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A majority of students used the criterion of change to predict the direction of chemical 
changes (56% to 73%). A quarter to a third of the students surveyed did not use the criterion. 
It is interesting to note that the difference between the results for item B3 and those for item 
B4 is quite significant (p<0.04 %, χ2=15.6). 
Let us now detail these results before interpreting them. 
We divided the ‘use of criterion’ category into several sub-categories: 
 RQRC (right quotient and right conclusion): the expression and the calculation of the 
reaction quotient are right and so is the conclusion  
 RQWC (right quotient and wrong conclusion): the expression and the calculation of 
the reaction quotient are right but the conclusion is wrong or missing.  
 WQ (wrong quotient): the expression of the reaction quotient is right but the 
calculation is wrong  
 MQ (modified quotient): the expression of the reaction quotient is modified and 
wrong.  
In the MQ sub-category we put the answers in which the ‘concentration’ of a solid is 
introduced in the expression of the reaction quotient and those in which the concentration of 
the missing solute is removed from the expression of the reaction quotient. The last error was 
quite unexpected. It will be presented in the next section.  
The ‘no use’ category was divided into the following sub-categories: 
 Equation: the answer relies on the chemical equation to propose a direction of change 
 Amount: the reasoning relies on the amounts of substance to propose a direction of 
change or a lack of change  
 Other: other reasoning that will be detailed for some items. 
The results are put in table 4 below.  
[insert table 4 here] 
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In table 4, the first row corresponds to the expected correct answers (RQRC), the percentage 
of students who answer correctly is always under 50% except for item A1 (52%) and is 
particularly low for item B2 and item B4. This result is not surprising for item B2, because 
solving it brings into play one limit of the model, but it is quite unexpected for item B4 and 
also for item A2 and items B1 and B3 to a lesser extent. Concerning item B4 we can see that 
34% of the students made a wrong calculation with various errors: calculating concentration 
of ions in the mixture with different volumes (two different volumes of solutions are mixed, 
students do not take the total volume into account but only one of the two initial volumes for 
each concentration), forgetting the exponent of the concentration of the silver ions, confusing 
amount of substance and concentration. The last error was already mentioned by Kousathana 
and Tsaparlis (2002) and was also made by students in items B2 and B3. In item A2 and item 
B1, the correct answers are not as numerous as was expected because 15% and 18% of the 
students modified the expression of the reaction quotient (MQ). Instead of writing that the 
concentration of the solute is zero, they removed this concentration from the quotient and then 
for some of them predicted a change in the reverse direction of the chemical equation, that is 
an impossible chemical change due to the lack of one reactant. See some examples of answers 
to both items below. 
For item A2 
A right answer  
 ‘ 0]NH[]ROH[
]NH[]RO[Qri
3
4 =
×
×
=
+−
 because [RO-]=0 Qri<K (because 0<0,20) the system is going to 
change in the forward direction.[RO-] and [NH4+] are going to increase, [ROH] and [NH3] to 
decrease.’ 
A wrong answer 
 ‘
3
3
4 103.1]NH[]ROH[
]NH[Qri =
×
=
+
 Qri>K then the reaction occurs in the reverse direction’ 
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For item B1 
A right answer  
‘ 0]Fe[]Ag[
]Fe[Qri 2
3
=
×
=
++
+
 as Qri<K, the system is going to change in the forward direction; 
thus Ag+ and Fe2+ will be used and Ag and Fe3+ formed’ 
A wrong answer 
’in that first beaker 5.408
100
8.4
100
1.5
1
]Fe[]Ag[
1Qri 2 =
×
=
×
=
++
 Qri>K then change in the 
reverse direction’ 
The second row of this table concerns the answers with a wrong or missing conclusion 
although the quotient is correct (RQWC); they are particularly numerous (27%) for item B2. 
This is not surprising because these students (23%) foresaw a change in the reverse direction 
of the chemical equation without pointing out that the change could not occur due to the lack 
of one reactant, the solid (step 4).  
Let us now examine the ‘no use of criterion’ answers. At least 10% of the students rely on the 
equation to foresee a change in the forward direction. 
Some answers (16% in item A1) mention the amounts of substance or the concentrations. But 
most of them do not really make sense because there is no mention of chemical change or 
chemicals able to react. For example for item A2 ‘the concentrations are different because the 
number of mol of each solute is not the same’ or ‘the concentrations of the chemical species 
do not change because they have the same amount of substance and the same total volume’ 
for item A1. Two of them (2% for item A1) make a connection with the chemical equation 
and express the idea that the system will not change because the concentrations are 
proportional to the stoichiometric numbers.  
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The ‘other’ subcategory contains answers that cannot be categorised and some answers that 
reveal some particular reasoning. These lines of reasoning were not set out in table 4 because 
they were not found in all items. The first two stemmed in an inductive way from the 
examination of data. See table 5 to have an overview of the percentage in those sub-
categories. A dash in a cell of the table stands for reasoning that cannot be considered in this 
item. 
[insert table 5 here] 
The ‘change without’ subcategory was made to classify some responses for item A2 and item 
B1. This is worth recalling that in these items the missing solute is written on the right side of 
the chemical equation A+B=C+D. For simplicity’s sake the missing solute is called D. In 
these answers it is written that A and B are going to react to form C. D is not mentioned, that 
is why we called these answers ‘change without forming one of the products’. This reasoning 
was made by 10% of the students surveyed for item A2 and 8% for item B1 and 3% for item 
B2 in which the missing chemical species was a solid. This sub-category has no meaning in 
the other items. 
Examples of such answers 
‘[ROH] and [NH3] decrease, ROH and NH3 are used [NH4+] increase’ 
Another student explains the computation of the maximal extent and concludes ‘in the final 
state n(ROH)=0, n(NH3)=3.0x10-3 mol; n(NH4+)=5.0x10-3 mol’ 
‘Ag+ is going to react with Fe2+ and form Ag’ 
‘Silver ions are going to react with iron (II) to form silver Ag. One can observe this due to the 
chemical equation.’ 
In these answers it appears that the initially missing species ought to remain missing. Such 
answers lead to think that these students do not understand what a chemical equation means. 
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The ‘two directions’ sub-category involves 6% of responses in item B4 where students wrote 
both silver layer and copper layer would be observed, which means they reasoned as if two 
directions of change were possible. 
‘I think that a copper layer on the silver wire and a silver layer on the copper wire will be 
observed. The equal sign let me think of a reaction that proceeds in both directions. Thus a 
layer on each side.’ 
The ‘two reactions’ sub-category for item A1 contains 3% (and 2% for item B3) of answers 
that express the idea that two opposing reactions can represent what is happening, but without 
giving one direction of change (item B3) or saying erroneously that the system is at 
equilibrium (item A1).  
‘According to the chemical equation, one presumes that Ag+ and Fe2+ species are going to 
react together to form Fe3+ and Ag. Moreover, Fe3+ and Ag species are also going to react 
together to form Ag+ and Fe2+. The reaction will occur in both directions.’ (Item B3) 
‘The concentrations of chemical species will not change. Thus there is the same initial amount 
of substance for all species. Given that the reaction seems to occur in both directions, there 
will be as many RO- and NH4+ formed as transformed into ROH and NH3. Same for ROH and 
NH3, because the four species are in stoichiometric proportions.’ (Item A1). In the second 
example the student is influenced by the fact that the amounts of substance are proportional to 
the stoichiometric numbers.  
These last two lines of reasoning are close to each other. We called them differently because 
the former mentions a phenomenological description of events and thus concerns the direction 
of change of the system whereas the latter does not involve phenomenological considerations 
but concepts belonging to another level of interpretation. Both lines of reasoning reveal that 
these students do not mention a single direction of change in the forward or in the reverse 
direction of the chemical equation.  
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Answers listed in the ‘K’ sub-category rest on the value of the equilibrium constant to predict 
a change in the reverse direction because the constant is smaller than one or to say there will 
be no change because the constant is much too small. This was the line of reasoning taught to 
foresee a direction of change in the previous curriculum. Such answers are scarce.  
Discussion 
In this section for each test i.e. for a given population of students we confront the results to 
the different items in order to bring out tendencies. Then, while examining these tendencies 
we seek elements to answer the research questions. 
Now we make a cross analysis of the answers and determine whether students use the 
criterion of change consistently in each population surveyed. In test A students had to use the 
criterion of change in item A1 and item A2 but not in item A3. For item A3 looking at the 
chemical equation and at the composition of the system is enough to conclude that present 
chemicals cannot react. Students’ answers were cross-tabulated. Few students (17%) gave a 
correct answer to all three items. Using the criterion of change may be a routine for some 
students (25%) who calculated a reaction quotient in the three items. About a third of the 
students (34%) responded correctly to the first two items but among them 16% used the 
reaction quotient in item A3 although it has no sense. Some students (15%) did not use the 
criterion of change in the first two items but answered to the third item correctly.  
In test B the criterion of change had to be handled in the four items. Results were cross-
tabulated, see table 6. Nearly half the students surveyed (48%) used the criterion of change in 
the four items, 8% calculated the reaction quotient without any mistake in each situation and 
only 1% gave four right answers. Calculating the reaction quotient seems to be a hard task for 
students because 22% only gave the right value for the first three items, 25% for the first two 
items and 11% for the last two items. Right answers to item B2 and item B4 were not 
numerous.   
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[insert table 6 here] 
As we said in a previous section the five-step functioning of the thermodynamics model was 
elaborated to provide a grid to analyse students’ answers. Our prior analysis stressed two steps 
in particular: step 1 is necessary to determine whether it is pertinent to apply the criterion 
whereas step 4 may be crucial in the case of some heterogeneous chemical systems when the 
criterion is relevant to implement. Our questionnaire was designed to check whether students 
handle the model correctly in various chemical situations and differentiate the role of the 
equation from that of the criterion. 
Regarding the use of the chemical equation (step 1), 30% of the students surveyed correctly 
rely on it to explain why the two acids system (item A3) cannot change. But the cross analysis 
shows that only 17% of the students are able to relevantly use the chemical equation and the 
criterion of change (correct answer to the three items of test A). These percentages are quite 
low. Moreover 27% of the students calculate the reaction quotient even though it has no sense 
and a third of the students predicted a change although it is impossible to achieve. These 
results show that few students have a good understanding of the respective roles of criterion 
and equation. Let us go back to the aforementioned student’s answer which predicted a 
change in item A3 and spoke of reacting particles although the present chemicals cannot react 
and about which we wonder what represents a chemical equation for the student. One could 
think that this student does not know that species which are able to form new species are 
written on the same side of the chemical equation. But s/he correctly responds to the other two 
items of test A and thus shows that s/he knows how to handle both the chemical equation and 
the reaction quotient. This specific answer to item A3 may be interpreted differently: the 
student did not encounter this type of question before. Usually, when a question is asked 
about the possibility for a system to undergo a chemical change, the answer is always the 
same: the chemical change will occur or the system is already at equilibrium state (but in this 
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case all species are present). Here this student cannot imagine that another kind of plausible 
answer is expected such as ‘a chemical change is impossible’. The fact that this student could 
modify his/her line of reasoning from an item to another reveals that his/her understanding is 
still provisional.  
The cross-analysis shows that 16% of the students never used the criterion of change in the 
four items of test B and 23% in the first two items of test A. The most frequent lines of 
reasoning that do not use the criterion rely on the chemical equation or on the amounts of 
substance. Some other reasoning involving new pieces of knowledge introduced in grade 12 
such as forward and reverse reactions (two reactions) or equilibrium constant are not 
widespread. The equation-based reasoning was used in the previous classes (grade 10 and 11); 
these students are not able to implement any new knowledge concerning the prediction of 
chemical changes. The answers mentioning the amounts of substance do not always include 
information about what is going to happen, most of them do not evoke a chemical change and 
do not mention chemical equilibrium either even when the amounts of substance are 
proportional to the stoichiometric numbers (item A1). This result is quite different from that 
of Stavridou and Solomonidou (2000). They found that 51% of the Greek students surveyed 
(grade 12) thought that the system could not evolve in such a case because they made a 
confusion between the stoichiometric numbers and the concentrations of the chemicals at 
equilibrium. But it is worth saying that in the study of Stavridou and Solomonidou the 
equilibrium constant was not given, so students were not prompted to think of the criterion of 
change. This may explain why so many of them used alternative reasoning. In another part of 
our study we also proposed tests without equilibrium constant and the results showed that less 
than 10% of the students resorted to the criterion of change and less than 15% mentioned the 
amounts of substance. Alternative lines of reasoning based on amounts of substance are not 
widespread. 
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Applying the criterion of change seems to be a rather well-known line of reasoning because 
nearly two thirds (except in item B4, see table 3) of the students surveyed used it in one item 
although the formulation of the question did not resort to it. Nevertheless they are less 
numerous to use the criterion of change repeatedly: 56% of the students used it in the first two 
items of test A (cross-analysis of the answers to item A1 and A2), 64% in the first three items 
and 48% in each of the four items of test B (table 6). The decreasing use of criterion of 
change in test B between the last two items may be partly attributed to weariness effect (more 
lack of answer in item B4 than in item B3) and partly to another reason that is set out now. It 
is worth studying the results for item B3 and item B4 because they have a common feature: all 
chemicals are initially present. But the chemical equations and thus the expressions of the 
reaction quotient and the value of the equilibrium constant are different. We already noted 
that the difference in the use of criterion was significant. A smaller proportion of students 
used the criterion of change for item B4 (56%) than for item B3 (73%) and 52% used it for 
both items although it is the only way to give a correct answer. The wording of the question 
seems to matter. We can see that when the question describes what could happen in terms of 
events involving empirical objects, there are fewer students who apply the criterion of change 
and more students answer without using it than when the question does not. As during the two 
years preceding this study, we asked the same questions and we came across the same 
tendency with other populations, so the wording of the question and the decreasing use of 
criterion appear really linked. A presentation of the question in terms of events prompts a few 
students to give an answer in terms of phenomena description (two directions).  
Relevant use of the criterion does not mean that students are able to give a correct answer. 
The results show (table 4) that when the calculation does not contain any difficulty (item A1) 
half the students surveyed gave a correct answer, when the calculation is slightly more 
complicated (item B4) only 10% of the students surveyed succeeded. Moreover a situation 
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that should not present any difficulty (missing solute, item A2 and B1) reveals a typical 
mistake, a modification of the reaction quotient (MQ). According to our review of the 
literature this mistake has not yet been reported. This mistake was made by 15% and 18% of 
the students in items A2 and B1 respectively and 63% and 71% of both populations used the 
criterion in these items (see table 3). If we compare the number of students who made this 
mistake with the number of students who used the criterion, in each population, we find that 
24% and 25% of the students using the criterion modified the reaction quotient. So if a solute 
is missing, one out of four students using the criterion removed the solute concentration from 
the expression of the reaction quotient instead of writing zero for this concentration. In 
accordance with the functioning of the thermodynamics model the second step is defective. 
For these students, one could think that a missing solute in the beaker seems to be the same 
thing as a missing concentration in the formula. One may suggest that these students sought to 
reproduce the most significant feature (a missing reactant in the chemical description) of the 
experimental situation in the thermodynamic model (a missing concentration in the formula) 
as if the latter were a copy of the former. According to Grosslight, Unger, Jay, and Smith 
(1991) these students have a poor understanding of models, they probably believe that models 
are incomplete copies of real objects, which is the lowest level of modelling. In a more recent 
study, Treagust et al. (2002) proposed several items partly based upon those of Grosslight et 
al. (1991) and found that ‘a significant group of students has a narrow and naïve 
understanding of the concept of a model as an exact replica’(p.363). Because of its unifying 
nature a model is a general frame which applies to different particular situations, without the 
elements of the model being changed. This last point is not respected by the students who 
make the mistake ‘modification of the reaction quotient’. The expected sequence of reasoning 
steps is a) looking at the chemical equation to build the reaction quotient, b) looking at the 
chemical description to calculate the value of the reaction quotient, c) comparing the quotient 
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to the equilibrium constant. These students probably modify the first step which becomes 
’looking at the chemical equation and at the chemical composition’ to build the reaction 
quotient. Indeed they take the chemical equation into account because they build a quotient 
with the other concentrations at the right place (denominator or numerator). 
Another modification of the reaction quotient has been mentioned (Kousathana & Tsaparlis, 
2002; Quilez-Pardo & Solaz-Portales, 1995), including the ‘concentration’ of a solid, the 
percentage of the students who made this mistake was rather different in the two studies: 
17.6% (Kousathana & Tsaparlis, 2002) and 5% (Quilez-Pardo & Solaz-Portales, 1995). Our 
own results show that 14 students out of 144 made this mistake in one of the three items, 11 
made it twice and 2 three times which means that 27 different students (19%) in the 
population surveyed made it once. This result is close to that of Kousathana and Tsaparlis 
(2002). This type of error should not be neglected. These students did not understand that 
concentration can only be defined for a solute belonging to a homogenous phase. Moreover 
one may wonder whether these students were aware that the form of representation (the 
modelling code) of different objects of a given experimental situation – solids and solutes – is 
different; perhaps they could not conceive that solids and solutes are represented in two 
different ways, concentration for a solute and number one for a solid whatever its amount of 
substance. Thus, this mistake (MQ) whatever form it takes reveals that these students fail to 
convert the experimental situation into the model according to the modelling code.  
Another mistake indicates that linking the thermodynamic model and a chemical description 
is a real problem for students. When a solid is missing (item B2) one student out of three 
(33%) predicted a change in spite of the lack of this solid reactant. Some of them (23%) 
calculated a correct reaction quotient whereas the others (10%) did not but they all made the 
same mistake: predicting a direction of change without checking whether the involved 
chemicals are present. This mistake was also found in most of the answers to item A2 (12%) 
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and item B1 (9%) where students had modified the reaction quotient. This mistake reveals 
that some students pay more attention to the chemical equation than to the experimental 
situation, they focus on the chemical equation and forget the composition of the system, one 
can say they are equation-centred. This line of reasoning may explain why some students 
predict a change when only two acids are initially present (item A3): focusing on the chemical 
equation which includes four chemical formulas impedes these students to go back to the 
reality of the situation they are faced with. Several studies showed that this tendency is rather 
widespread: at equilibrium state students cannot imagine collisions between molecules whose 
formulas are written on different sides of the equation (Cros et al., 1984) or may consider that 
chemicals are split into two parts, those written on the left side of the equation and those 
written on the right side (Cachapuz & Maskill, 1989; Chiu et al., 2002; Gorodetsky & 
Gussarsky, 1986; Johnstone, MacDonald & Webb, 1977; Stavridou & Solomonidou, 2000).   
Most answers in the subcategories such as ‘change without’ or ‘two directions’ or ‘two 
reactions’ probably find their origin in a lack of microscopic representations of the 
phenomena. At sub microscopic level the system is represented by incessantly moving and 
colliding particles; some collisions are active, they lead to new particles; electrons are 
transferred during the collisions, and bonds are broken or formed. An active collision between 
two (or three) particles (atoms, ions, molecules) always gives at least another particle 
including the initial nuclei. A nucleus cannot disappear from a chemical point of view. The 
‘change without’ type of answer would correspond at sub microscopic level to nucleus that 
would disappear. It also suggests that at macroscopic level the conservation law of chemical 
elements does not mean anything for these students. From a sub microscopic point of view the 
direction of change of a chemical system may be explained as follows: statistically the 
average number of active collisions that correspond to one of the two opposing reactions is 
higher than the average number of active collisions corresponding to the other reaction, thus 
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one reaction prevails over the other and one direction of change results as long as the 
equilibrium state is not reached. Indeed the two reactions model two global opposing 
processes that are simultaneous and endless. The ‘two directions’ or ‘two reactions’ types of 
answer do not match these considerations since the students do not mention a direction of 
change in the forward or in the reverse direction of the chemical equation. One may suspect 
that they do not grasp that such is the issue. They have a new knowledge because they 
conceive a change in the reverse direction of the chemical equation or speak of two opposing 
reactions. They actually speak of one reaction occurring in both directions. Pedrosa and Dias 
(2000) already stressed that it is essential to speak of two different opposing reactions instead 
of one reaction which could lead to incorrect representations of chemical processes such as an 
oscillating change or one direction of change followed by the reverse one, because it is not 
possible to imagine a single process occurring simultaneously in two directions. Thus one 
may think that these students have difficulties to imagine that two opposing processes are 
occurring simultaneously (modelled by the two opposing reactions) and that one can only see 
their resultant effect, one direction of change or none. Anyway, mentioning these two 
reactions does not enable students to choose a direction of change. 
Moreover, we do not know whether students who correctly handle the thermodynamic model 
to predict a direction of change have a sound sub microscopic representation of the 
phenomena. Indeed handling the chemical equation and the reaction quotient might stress ‘the 
positivist dimension of chemistry’ that Bensaude-Vincent and Stengers (1993) ascribe to 
thermodynamics in the history of chemistry. They claim that thermodynamics transforms 
chemistry into ‘an abstract function’ and does not favour representations of chemical 
phenomena (Bensaude-Vincent & Stengers, 1993). It is then essential to propose kinetic 
representations to students to provide meaningful explanations and to prevent them to develop 
static conceptions of chemical phenomena. 
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Conclusion and implications 
Applying the criterion of change is quite a rooted line of reasoning because quite a great 
proportion of students use the criterion when it should be. But some students apply the 
criterion as a matter of routine because they calculate the reaction quotient when they should 
not although they should reason exclusively with the chemical equation. The fact that some 
students do not exclusively reason with the chemical equation when they should and other 
aspects as predicting a change without forming one of the products (no respect of the 
conservation law of chemical elements) show that some students do not fully understand the 
meaning of a chemical equation and probably do not have a sound representation of chemical 
changes at particle level. When students apply the criterion of change in a relevant way, they 
make quite a lot of errors in their calculations such as confusing amount of substance and 
concentration or choosing the wrong value for the volume, and other mistakes revealing they 
cannot distinguish between the experimental situation and the thermodynamic model. The 
authors of the curriculum claimed their intentions to promote teaching that stresses the 
difference to be made between facts and models (Davous et al., 2003); regarding students’ 
reasoning, several elements in this study show that this goal is not reached. In particular the 
modification of the reaction quotient (MQ) made by students leads to think that students find 
it difficult to understand the modelling code converting objects of the experimental situation 
(reality-as-idealised) into objects of the thermodynamic model. Forecasting a change although 
a starting substance is missing is another mistake showing that students focus on the model 
(equation-centred). At least they do not realize that they have to ascertain that all substances 
involved in the chemical equation are actually present in the mixture and they probably do not 
make a clear difference between the model and the chemical description of the experimental 
situation. Special attention should be paid to explaining the differences between the 
descriptions of experimental situations and the thermodynamic model and determining their 
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significant features. A study concerning the same curriculum performed with grade 10 French 
students shows that notions regarding models and modelling are accessible to them (Toix, 
Vince & Tiberghien, 2005). So, stressing the nature and the features of models and 
experimental situations, their differences and their links should be an opportunity to improve 
grade 12 students’ understanding. Student understanding of chemical changes can be 
complemented and improved by the use of kinetic models which have been briefly described 
above (to have a wider description of these models see Kermen and Méheut, 2009). The use 
of kinetic models aims at preventing students to consider chemical systems as static –
particularly when nothing is changing- and to focus exclusively on chemical equations. In 
another part of our entire study we showed that students who provide kinetic explanations to 
interpret the end-point of a chemical change (Kermen & Méheut, 2009) are not numerous. 
The final purpose of our entire study is to propose some elements to design teaching learning 
sequences in an educational reconstruction process (Duit, 2000). The following ideas should 
be taken into account: observing or describing what is going on, the words and sentences 
should refer to experimental facts (colour disappearing, precipitate appearing …) whereas 
explaining experimental facts and predicting events need to resort to model level. Stressing 
the different nature of a chemical change and the pair of opposing reactions can be done by 
studying, during the same teaching sequence, different systems whose change is interpreted 
with the same chemical equation and consequently the same expression of the reaction 
quotient. Predicting the direction of change will be done with the same model (chemical 
equation and reaction quotient) but using the model will lead to different values depending on 
the amounts of substance of the species of each system. In such cases it is worth contrasting 
the uniqueness of the model with the variety of the experimental situations. Separation and 
permanent linking between these two levels are illustrated by the diagram of the functioning 
of the thermodynamic model (figure 1). Whenever it is possible, focusing on what is done – 
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describing the experimental situation or reasoning with the model or going to and fro between 
the experimental situation and the model – would help students to construct relevant lines of 
reasoning. To enhance students’ understanding it is also worth interpreting the same 
experimental situation with a kinetic model in order to illustrate the fact that different models 
are relevant for the same experimental situation and enable to answer different questions.    
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Appendix 
Questionnaires administered to students 
Test A (the following text is common to the three items) 
A chemical equation +− +=+ )aq(4)aq()aq(3)aq( NHRONHROH  and the associated equilibrium constant 
K=0.20 are given. 
The four following aqueous solutions are available: phenol solution (ROH(aq)), solution of 
sodium phenolate ( −+ + )aq()aq( RONa ), ammonia solution (NH3(aq)), solution of ammonium 
chloride ( −+ + )aq()aq(4 CNH l ). 
Different mixtures whose total volume is equal to 100 mL are made with these solutions. One 
wonders if the concentrations of the chemicals in each mixture are going to change. Tell what 
you predict in each case and explain why. 
Item A1) In the first mixture, the initially present chemical species are such that 
n(ROH)=1.0x10-3 mol; n(NH3)=1.0x10-3 mol; n(RO-)=1.0x10-3 mol; n(NH4+)=1.0x10-3 mol. 
 
Item A2) In the second mixture, the initially present chemical species are such that 
n(ROH)=1.2x10-4 mol; n(NH3)=3.2x10-3 mol; n(NH4+)=4.9x10-3 mol. There is no RO- 
species. 
 
Item A3) In the third mixture, the initially present chemical species are such that 
n(ROH)=1.0x10-3 mol; n(NH4+)=1.0x10-3 mol. There is no RO- species, neither NH3 species. 
 
Test B (the following text is common to the first three items) 
A chemical equation +++ +=+ 3 )aq()s(
2
)aq()aq( FeAgFeAg  and the associated equilibrium constant 
K=3.2 are given. 
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Silver wires and the three following aqueous solutions are available: solution of iron (II) 
sulphate, solution of iron (III) sulphate, solution of silver nitrate. 
Different mixtures are made. One wonders if the composition of each mixture is going to 
change. Tell what you predict in each case and explain why. 
Item B1) In the first mixture, the initially present chemical species are such that 
n(Ag+)=5.1x10-3 mol; n(Fe2+)=4.8x10-3 mol; n(Ag)=1.2x10-2 mol. There is no Fe3+ species. 
The volume of the solution is equal to 100 mL. 
 
Item B2) In the third mixture, the initially present chemical species are such that 
n(Ag+)=1.0x10-2 mol; n(Fe2+)=1.0x10-2 mol; n(Fe3+)=1.0x10-2 mol. There is no silver. The 
volume of the solution is equal to 100 mL. 
 
Item B3) In the second mixture, the initially present chemical species are such that 
n(Ag+)=3.1x10-3 mol; n(Fe2+)=2.8x10-2 mol; n(Ag)=4.0x10-2 mol; n(Fe3+)=2.8x10-3 mol. The 
volume of the solution is equal to 100 mL. 
 
Item B4 
A chemical equation ++ +=+ )aq()s(2 )aq()s( Ag2CuCuAg2  and the associated equilibrium constant 
K=4.7x10-16 are given. 
30 mL of solution of silver nitrate at 0.020 mol L-1 and 70 mL of solution of copper nitrate at 
0.010 mol L-1 are poured in a beaker upon a silver wire and a copper wire which do not touch 
each other. As the mixture is made the amounts of substance of the chemical species are such 
that n(Ag+)=6.0x10-4 mol; n(Ag)=1.0x10-2 mol; n(Cu)= 1.0x10-2 mol; n(Cu2+)=7.0x10-4 mol. 
One wonders if it is possible to observe a silver layer on the copper wire or a copper layer on 
the silver wire. According to you what will one observe? Explain your answer. 
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Overview of the curriculum  
The French chemistry curriculum in the last scientific form (‘terminale S’) of the upper 
secondary school is made of four parts, each of whose title is a question: a) Is the change of a 
chemical system always fast? b) Is the change of a chemical system always complete? c) Can 
the spontaneous direction of the change of a system be predicted? Can the direction of change 
of a chemical system be reversed? d) How does the chemist control the changes in materials? 
Contents and activities in each part provide answers to the initial question. In the following 
we specify slightly more the contents and some comments made by the authors of the 
curriculum which are related to the thermodynamic model. 
In the first part all chemical changes that are studied (redox and acid-base reactions) are 
complete and thus represented by a single chemical reaction, but not instantaneous. The 
purpose is to study the speed of changes. The rate of reaction is defined as the derivative of 
the extent of reaction with respect to time, divided by the volume of the system. The third 
section of this part aims at giving ‘an interpretation [of the chemical change] at a sub 
microscopic level’ (Ministère, 2001, p.96) and proposes activities using ICT. The authors add 
the following comment to the contents: ‘the dual macroscopic-microscopic approach that was 
initiated in tenth and eleventh grades is thus reactivated in twelfth grade’ (Ministère, 2001, 
p.97). 
Introducing the second part, the authors state their objectives: let the students discover that a 
chemical change is not always complete; interpret the final state as a dynamic equilibrium 
state with a microscopic point of view, and introduce a function of the concentrations -the 
reaction quotient- whose value in the equilibrium state is independent of the composition of 
the initial sate. Experiments involving pH measurements show that some acid-base chemical 
changes are incomplete. Conductivity measurements of solutions of a given carboxylic acid at 
different concentrations make it possible to calculate the reaction quotient of the system and 
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to deduce that it has the same value at constant temperature. Its value at equilibrium state - the 
equilibrium constant - is then calculated in the case of other types of chemical changes that 
occur in an aqueous solution with or without solids (mainly redox changes).  
Introducing the third part, the authors claim that the observation of the direction of change of 
several systems allows the formulation of a ‘general spontaneous criterion of change’ 
(Ministère, 2001, p.99). Experiments involving a mixing of ethanoic acid solution, sodium 
ethanoate solution, methanoic acid solution and sodium methanoate solution enable the 
introduction of the ‘spontaneous criterion of change’. It is then generalized with redox and 
acid-base changes, for example the mixing of iron (II) ion solution, copper (II) ion solution, 
iron powder and copper powder. The last mixture undergoes a complete chemical change, 
thus it is shown that the criterion of change applies to all kind of chemical changes. The 
criterion of change is also used to determine the direction of movement of the charged 
particles in a galvanic cell. The last section of this part presents certain systems for which it is 
possible to reverse the direction of change by applying an electric current in the reverse 
direction to the one observed when the system undergoes a spontaneous change. This kind of 
change is an introduction to electrolysis cells for which the ‘spontaneous criterion of change’ 
does not apply any more. The first comment following these contents mentions that the 
equilibrium constant does not enable the prediction of the direction of change, but the 
comparison of the reaction quotient with the equilibrium constant does, without any kinetic 
considerations. Then the three possibilities are detailed. 
In the fourth and last part the authors set out their objectives: showing that chemists can 
control the change velocity and shift the equilibrium state to improve the yield of a synthesis. 
In this part changes involving the esterification and hydrolysis reactions are presented and 
studied. 
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Figure and tables  
Figure 1: the functioning of the thermodynamic model 
Thermodynamic 
model  
Chemical equation 
 
A(aq)+B(aq)=C(aq)+D(s) 
]B[x]A[
]C[Q r =
 
Reaction quotient; 
value in the initial  
state: Qr,i 
 
 Step 3 
Comparing Qr,i 
to K  
 
                               Step 1                      Step 2                                Step 4                 Step 5 
 
 
 
Experimental data Description of the initial 
state of the system
 
 
Description of 
the final state of 
the system 
Experimental 
situation 
Liquids, solids, 
colours... 
pH, conductivity… 
Pressure, 
temperature 
Name of chemical 
species 
Chemical formula 
Physical state: solute, 
solid 
Amounts of substance 
(values) 
 
 
chemical 
change 
names of 
chemicals , 
chemical 
formula, 
amounts of 
substance 
 
Table 1: main features of the seven items 
item Chemical equation and equilibrium constant Initial composition 
A1 
four species present, equal 
amounts of substance 
A2 one solute (RO-) missing 
A3 
+− +=+ )aq(4)aq()aq(3)aq( NHRONHROH  K=0.20 
two solutes (RO-, NH3) missing 
B1 one solute (Fe3+) missing 
B2 the solid (Ag) missing 
B3 
+++ +=+ 3 )aq()s(
2
)aq()aq( FeAgFeAg   K=3.2 
four species present 
B4 ++ +=+ )aq()s(
2
)aq()s( Ag2CuCuAg2  K= 4.7x10
-16
 four species present 
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Table 2: distribution of answers (item A3) 
category no change change other no answer 
number of answers (N=102) 51 34 8 9 
percentage  50% 33% 8% 9% 
 
Table 3: distribution of answers in the main categories (all items except item A3) 
Main feature of the item items              category 
use of 
criterion 
no use no answer 
all chemicals present A1 (N=102)  69% 30% 1% 
one solute missing A2 (N=102) 63% 34% 3% 
one solute missing B1 (N=144) 71% 27% 1% 
one solid missing B2 (N=144) 69% 24% 7% 
all chemicals present B3 (N=144) 73% 26% 1% 
all chemicals present B4 (N=144) 56% 35% 9% 
 
Table 4: distribution of answers in the sub-categories (all items except item A3) 
main 
categories 
sub-
categories 
item A1 
(N=102) 
item A2 
(N=102) 
item B1 
(N=144) 
item B2 
(N=144) 
item B3 
(N=144) 
item B4 
(N=144) 
RQRC 52% 40% 44% 7% 27% 10% 
RQWC 12% 8% 9% 27% 8% 6% 
WQ 5% 0% 0% 25% 24% 34% 
use of 
criterion 
MQ 0% 
69% 
15% 
63% 
18% 
71% 
10% 
69% 
14% 
73% 
6% 
56% 
equation 10% 15% 15% 14% 16% 10% 
amount 16% 10% 1% 6% 3% 6% 
no use of 
criterion 
other 5% 
30% 
10% 
34% 
11% 
27% 
5% 
24% 
7% 
26% 
19% 
35% 
no answer  1% 3% 1% 7% 1% 9% 
 
Page 44 of 45
URL: http://mc.manuscriptcentral.com/tsed  Email: editor_ijse@hotmail.co.uk
International Journal of Science Education
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review Only
45/45 23/08/2010 
Table 5: distribution of answers in the subcategory ‘other’ (all items except item A3) 
sub- category reasoning 
item A1 
(N=102) 
item A2 
(N=102) 
item B1 
(N=144) 
item B2 
(N=144) 
item B3 
(N=144) 
item B4 
(N=144) 
change without - 10% 8% 3% - - 
two directions - - - - - 6% 
two reactions 3% - - - 2% - 
K 2% - - - - 3% 
other 
unclassifiable 0% 
5% 
0% 
10% 
3% 
11% 
2% 
5% 
5% 
7% 
10% 
19% 
 
Table 6: cross-tabulated selected answers to test B, (N=144) 
items B1 B2 B3 B4 B1, B2, B3, B4 B1, B2, B3 B1, B2 B3, B4 
use of criterion(a) 71% 69% 73% 56% 48% 64% 65% 52% 
right quotient(b) 53% 34% 35% 16% 8% 22% 25% 11% 
right answers(c) 44% 7% 27% 10% 1% 4% 6% 8% 
(a) For the first four columns, total percentage of the same row  in table 4  
(b) For the first four columns, sum of the values of row ‘RQRC’ and ‘RQWC’ in table 4 
(c) For the first four columns, value of row ‘RQRC’ in table 4 
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